Background-Although the clinical attributes of severe asthma in children have been well described, the differentiating features of the lower airway inflammatory response.
INTRODUCTION
Severe or "difficult-to-treat" asthma in children is a complicated disorder characterized by ongoing symptoms and persistent airway inflammation and oxidant stress despite corticosteroid treatment. [1] [2] [3] [4] Although severe asthma is likely a heterogeneous disorder, 5, 6 affected children share many similar clinical features, including gas trapping, bronchial hyperresponsiveness, and aeroallergen sensitization. 1, 2 However, the molecular and cellular patterns of inflammation in children with severe asthma are less uniform. Whereas some investigators have found increased eosinophils and Th2-derived cytokines in the airways of children with severe asthma, 2,7 others have noted non-eosinophilic patterns of airway inflammation with increased neutrophils and biomarkers of neutrophil activation. 8, 9 Given the heterogeneity of the inflammatory response in children with severe asthma, 10, 11 additional methods to distinguish severe from moderate asthma are needed.
Airway macrophages (AMs) are secretory cells that play a vital role in the regulation of airway inflammation and the immune response. Although AMs have traditionally received little attention in the field of asthma, 12 there are increasing reports of AM dysfunction in patients with severe asthma characterized by ongoing AM activation 13 and abnormal secretion of inflammatory mediators 14, 15 despite corticosteroid treatment. We have further demonstrated impaired AM phagocytosis and increased AM apoptosis in children with severe versus moderate asthma following a microbial stimulus. 16 Together, these data suggest that AM dysfunction may be a an important regulator of the ongoing airway inflammation associated with severe asthma. To test this hypothesis, we applied a supervised classification method to the patterns of cytokine and chemokine expression measured in the bronchoalveolar lavage (BAL) fluid and AMs of children with severe asthma, children with moderate asthma, and healthy controls. Using linear discriminant analysis, predictive models of severe asthma were generated. Our findings provide the first preliminary evidence of the molecular phenotype of severe asthma in children, which is associated with AM dysfunction.
MATERIAL AND METHODS Sample
A convenience sample of asthmatic children 5-17 years of age undergoing bronchoscopy for clinical indications was obtained. All children met criteria for persistent asthma 17 and had a history of at least a 12% change in the forced expiratory volume in one second (FEV 1 ) after bronchodilator administration. 18 Severe asthma was diagnosed according to criteria developed by the Severe Asthma Research Program, 1,5 which were adapted from the American Thoracic Society's Report (Online Repository, Table E1 ). 19 Thresholds for high-dose inhaled corticosteroids (ICS) were defined as ≥440 mcg of fluticasone equivalent per day for children less than 12 and ≥880 mcg for children 12-17 years of age. 17 The pharmacy records of all participants were reviewed and children with fewer than four ICS or oral corticosteroid refills in the previous 6 months were excluded. Other exclusion criteria included immunodeficiency, recent pneumonia, chronic aspiration syndromes, birth prior to 35 weeks gestation, or a positive BAL culture. Informed consent and assent to share the BAL fluid between the clinical and research laboratories was obtained.
Children with severe asthma underwent flexible bronchoscopy with BAL as indicated for persistent asthma symptoms despite corticosteroid treatment. 20 Children with moderate asthma underwent bronchoscopy for suspected foreign body aspiration (n = 3), noisy breathing and suspected upper airway obstruction (n = 3), recurrent pneumonia (n = 5), suspected aspiration (n = 5), evaluation of chest mass/suspected endobronchial lesion (n = 2), and suspected congenital anomalies (n = 4). Participants were clinically stable. To enhance classification, non-smoking, healthy adult volunteers were also recruited. Bronchoscopy with BAL was performed in these subjects for research purposes after informed consent.
Procedures
Spirometry was performed with a portable spirometer (KoKo® Legend, Ferraris, Louisville, CO) 21 and interpreted with population reference standards. 22 F ENO was collected with a reservoir bag after and analyzed offline by chemiluminescence (Sievers NOA ™ 280-I, Ionic Instruments, Boulder, CO). 23 Smoking status was verified in adults using a urinary cassette test (Accutest®, Jant Pharmacal, Encino, CA) with a cotinine cut-off of 200 ng/mL. Pediatric bronchoscopy was performed under general anesthesia using a laryngeal mask airway and flexible bronchoscope (Olympus BF-3C160 or BF-P160, Olympus America Inc., Melville, NY). BAL fluid was collected from the right middle lobe with three 1 mL/kg (50 mL maximum) saline lavages. For adults, conscious sedation was administered and a flexible bronchoscope (Olympus BF-1T20D) was passed trans-nasally into the right middle lobe. Three 50 mL saline aliquots were instilled. For children, the BAL fluid was pooled and divided between the research and clinical laboratories. The samples submitted to the clinical laboratories were subjected to standard culture and sensitivity testing.
BAL was centrifuged at 1200 rpm for 7 minutes at 4° C within 1 hour of collection. The supernatant was divided into 250 μl aliquots and frozen with protease inhibitors at −80°C prior to analysis. Total cell counts were performed with a hemocytometer and cellular differentials were determined from 300 consecutive cells after Wright staining. Cell pellets with <90% AM purity were excluded from further analysis. The AM pellets were frozen at −80°C with protease inhibitors. The protein content of the AM cell lysate was determined using a Coomassie (Bradford) protein assay (Pierce Biotechnology, Rockford, IL) with absorbance of 595 nm and a lower detection limit of 1 μg/mL. , and fractalkine [CX3CL1] were quantified using a similar beadbased mutiplex kit (MPXHCYTO-60K, Millipore). These analytes were selected for their biological relevance to asthma and their associations with AM activation (Online repository Table E2 ). For the assays, duplicate samples and serial dilutions of the cytokine standards were added to 96 well plates and incubated overnight. Data were analyzed using the BioRad Bio-Plex System (Bio-Rad Laboratories, Hercules, CA) with gates of 4335 and 10,000. Sample concentrations were determined using a 5-point logistic curve fitting algorithm (Bio-Plex Manager 3.0 Software, BioRad Laboratories). The sensitivity and prevision of each assay is listed in the online repository (Table E3 ).
Concentrations

Statistical analysis
Data analysis was performed using SPSS® software (Version 15, SPSS Inc., Chicago, IL). Wilks' lambda tests were used to test the equality of group means for each individual cytokine and chemokine. Due to the large number of comparisons, the threshold of significance was adjusted using a Bonferonni correction (for BAL analytes, α = 0.002; for AM analytes, α = 0.005). Variables that differed significantly between groups were further analyzed by ANOVA with Tukey's post-hoc tests using a two-tailed α of 0.05.
Linear discriminant analysis was performed using the Fisher method, 24 which is relatively robust against departures from normality. 25 Linear discriminant analysis is similar to logistic regression and is useful for building a predictive model of group membership based on observed characteristics. The procedure yields a set of discriminant functions based on the linear combinations of variables that provide the best discrimination between groups. These functions can be plotted to visualize the proximity of that subject to others in the same group.
Linear discriminant analysis was used to generate two predictive models of severe asthma. The first model was generated from the linear combination of all 23 cytokines and chemokines measured in the raw BAL fluid without correction for the protein content or dilution of the BAL fluid. Because 12 of the 23 cytokines and chemokines measured were undetectable in the AM lysate, the second model was generated from the linear combination of only those 11 analytes expressed by the AMs, which included IL-6, TNFα, GRO (CXCL1), IL-8 (CXCL8), IP-10 (CXCL10), MCP-1 (CCL2), MIP-1α (CCL3), MIP-1β (CCL4), RANTES (CCL5), MDC (CCL22), and fractalkine (CX3CL1). To account for differences in total AM cell counts, the AM cytokine and chemokine concentrations were adjusted for the protein content of the cell lysate and expressed as pg/mg of protein. Cross-validation of the models was performed by randomly selecting subjects by a random number generator and repeating the analyses. To further determine the strongest discriminators of severe asthma, stepwise linear discriminat analysis was used with an F-value entry probability of 0.05 and removal probability of 0.10. Additional statistical details are provided in the online supplement.
RESULTS
Sixty children with asthma (severe asthma, n = 35) and 30 healthy adult controls participated in this study. However, seven children (severe asthma, n = 4) infected with Streptococcus pneumoniae or Haemophilus influenzae were excluded from data analysis (Table E4 ). The resulting sample included 30 controls, 22 moderate asthmatics, and 31 severe asthmatics. Children with moderate asthma had no evidence of endobronchial lesions or chronic aspiration. Children with severe asthma were more likely to be of African American descent and had lower pulmonary function despite treatment with higher doses of ICS (Table I) .
The BAL procedure was well tolerated in all participants. The BAL return volume, expressed as the percentage of saline recovered, was similar between controls and moderate asthmatics but tended to be lower in children with severe asthma (control vs. moderate vs. severe asthma: 48% vs. 48% vs. 39%; p = 0.051). However, there were no differences in the BAL fluid protein content between children with moderate and severe asthma (197 vs. 204 μg/mL). Total cell counts were decreased in both groups of asthmatics as compared to controls (7.98 vs. 3.73 vs. 3.30 ×10 6 cells; p < 0.001) and were accompanied by a shift in the percentage of neutrophils and eosinophils (Table I) .
BAL cytokines and chemokines
The concentrations of the cytokines and chemokines measured in the raw BAL fluid are shown in Tables II and III . Of the cytokines, only IL-6 and IL-13 differed between asthmatics and controls after correction for multiple comparisons. However, these cytokines were not significantly different between moderate and severe asthmatics. Similarly, whereas GRO (CXCL1), IL-8 (CXCL8), IP-10 (CXCL10), MIP-1β (CCL4), RANTES (CCL5), MCP-3 (CCL7), MDC (CCL22), and fractalkine (CX3CL1) were elevated in asthmatics versus controls, no differences were seen between the asthmatic groups. However, when linear discriminant analysis was performed, the model resulted in good separation of each of the three groups (Figure 1) , with correct identification of 100% of the controls, 86% of the moderate asthmatics, and 91% of the children with severe asthma (Online repository Tables E5-E8). Similar separation was observed with the validation model, with an accurate prediction rate of 83.3% (Online repository Tables E7, E8). To further highlight the differences between the moderate and severe asthma groups, discriminant analysis was repeated excluding the controls. This resulting model was also statistically significant (Wilks' λ = 0.327, χ 2 = 34.682, p = 0.046) and provided correct classification of 96% of the children with moderate asthma and 82% of the children with severe asthma (Online repository Figure E1 ).
To determine which cytokines and chemokines in the BAL fluid best discriminated controls, moderate asthmatics and severe asthmatics, linear discriminant analysis was repeated using a stepwise approach. With this method, GRO (CXCL1), IL-13, IL-6, RANTES (CCL5), IL-12, IL-10 and IFNγ were identified as the most important predictors to include in the model (Online repository Table E9 ). These 7 markers explained 81.7% of the variance (χ 2 = 94.785, p < 0.001) in the first discriminant function (which separated asthmatics from controls) and 18.3% of the remaining variance (χ 2 = 24.124, p < 0.001) in the second discriminant function (which separated severe from moderate asthmatics). Whereas IL-13 and IL-6 provided the strongest separation of asthmatics from controls in the stepwise analysis, GRO (CXCL1), RANTES (CCL5), IL-12, IFNγ, and IL-10 best differentiated severe from moderate asthma in children (Online repository Table E10 ). When the stepwise analysis was repeated excluding the healthy controls, only RANTES (CCL5) was identified as the strongest differentiating factor between moderate and severe asthmatics (Wilk's λ = 0.891, χ 2 = 4.573, p = 0.032).
AM cytokines and chemokines
To determine whether AM activation might contribute to airway inflammation in severe asthma, these same cytokines and chemokines were measured in AM lysates from a subset of the original sample (control: n = 14; moderate asthma: n = 6; severe asthma, n = 6). Concentrations of these analytes are shown in Table IV . IL-1β, IL-2, IL-4, IL-5, IL-7, IL-10, IL-12p70, IL-13, IFNγ, GM-CSF, eotaxin (CCL11), and MCP-3 (CCL7) were undetectable. IL-6 and IL-8 were again elevated in the AMs from moderate and severe asthmatic children, but no significant differences were observed between the asthmatic groups. The concentrations of IL-6 and IL-8 measured in the AMs were highly correlated with the concentrations measured in the BAL fluid (IL-6: r = 0.815, p < 0.001; IL-8: r = 0.817, p < 0.001). Significant correlations between AM and BAL chemokine expression were also observed for GRO (CXCL1, r = 0.630, p = 0.003), IP-10 (CXCL10, r = 0.704; p = 0.001), RANTES (CCL5, r = 0.784, p < 0.001), and MDC (CCL22, r = 0.542, p = 0.014).
Linear discriminant analysis was performed by entering the 11 cytokines and chemokines detected in the AM lysate into the model. The resulting model again provided separation of the groups (Figure 2) , with correct identification of 93% of the controls, 83% of the moderate asthmatics, and 100% of the severe asthmatics. The validation model further resulted in correct classification of 100% of the subjects in each group, although the sample size was small (Online repository, Tables E11-E14 ). IL-6 was identified as the single differentiator of all the groups using stepwise methods (F = 6.952, p = 0.004 and explained 100% of the variance through one discriminant function (Wilks' λ = 0.623, χ 2 = 10.875, p = 0.004).
DISCUSSION
To our knowledge, this is the first study to use high-dimensional data reduction techniques on BAL and AM inflammatory markers in children with severe asthma. Using the supervised method of linear discriminant analysis, we provide the first preliminary evidence of the molecular phenotype of severe asthma in children. Whereas cytokine and chemokine concentrations in the BAL and AM cell lysate did not differ between children with moderate and severe asthma, the linear combination of these biomarkers resulted in clear separation of the two asthmatic groups. Thus we conclude that severe asthma in children is associated with unique patterns of airway inflammation which persist despite corticosteroid treatment.
AMs are abundant in the airways and are important regulators of the innate immune response. These vital AM functions are compromised in patients with severe asthma. We and others have previously demonstrated a two-fold reduction in AM phagocytosis 14, 16 accompanied by increased AM apoptosis. 14 While it might appear that AM function is suppressed in patients with severe asthma, these same patients are characterized by paradoxical AM activation. Compared to controls, AMs from asthmatics have increased basal spontaneous generation of superoxide anion, 26, 27 an increased ratio of pro-inflammatory to anti-inflammatory cytokines, 15, 28, 29 and increased inflammatory gene expression evidenced by increased histone acetyltransferases and decreased histone deacetylases. 30 Whereas corticosteroids suppress LPSinduced AM inflammation in mild-to-moderate asthmatics, 28 this same effect is not observed in patients with severe asthma. 15, 29 This unopposed secretion of inflammatory mediators, combined with impaired AM phagocytosis of apoptotic toxic granulocytes, may ultimately contribute to the airway inflammation we observed in the BAL fluid of children with severe asthma. Alternatively, the inflammatory products released by other cell types such as airway epithelial cells may induce AM inflammation and dysfunction in patients with severe asthma.
Although the models generated by this study result in relatively discrete clustering of children with severe asthma, they do not address the issue of multiple phenotypes that may exist within this group of children. Whereas children with severe asthma share similar clinical features (e.g., airflow obstruction and increased bronchial hyper-reactivity despite corticosteroid treatment), their airway cellular profiles may differ considerably. [7] [8] [9] Indeed, both a neutrophilic phenotype and an eosinophilic phenotype have been reported in similar samples of children with severe asthma. 2, [7] [8] [9] The results from this study do not provide clear evidence to support of one pattern of airway inflammation over the other. Although the neutrophil chemoattractants GRO (CXCL1) and IL-8 (CXCL8) were highly expressed in children with severe asthma, we also observed high concentrations of the Th1 cytokine IFNγ as well as the Th2 cytokine IL-13, which is associated with eosinophilia and airway remodeling. 31 Other chemoattractants and leukocyte activation products such as IL-6, IP-10 (CXCL10), MIP-1β (CCL4), RANTES (CCL5), MCP-3 (CCL7), MDC (CCL22), and fractalkine (CX3CL1) were also elevated. Whereas IL-13 and IL-6 differentiated asthmatics from controls using stepwise methods, GRO (CXCL1), RANTES (CCL5), IL-12, IFNγ, and IL-10 differentiated severe from moderate asthma in children. These data confirm that severe asthma in children is not simply a Th2-mediated disease with relative loss of Th1-mediated cytokine production. Furthermore, given that both neutrophils and eosinophils were elevated in this sample of children with severe asthma, the patterns of cellular inflammation are also complex and likely do not involve one cell type independent of others.
This study had a number of limitations. First, although the AM was the primary cell of interest, our findings may also reflect activation of other airway cells, including epithelial cells. Indeed, other cell types aside from AMs are equally relevant in the pathogenesis of severe asthma and warrant further study. Second, because bronchoscopy cannot be ethically performed in healthy asymptomatic children, our sample was restricted to children with moderate and severe asthma undergoing bronchoscopy with BAL for clinical indications. This likely biased the sample toward children with more severe disease. Third, the lack of a healthy pediatric control group does raise the question whether age is a confounding factor in our results. Fourth, because the ATS criteria for severe asthma are based primarily on high-dose corticosteroid treatment, 19 our moderate asthma group may have included children who were undertreated. However, the fact that pulmonary function in this group of patients was similar to that of healthy controls discredits this notion. Furthermore, the relatively discrete grouping of moderate and severe asthmatics by our linear discriminant analyses suggests that moderate and severe asthma are indeed phenotypically distinct.
The pathophysiology of severe asthma is complex and not completely understood. The defining feature of severe asthma is the need for high doses of corticosteroids to achieve an acceptable level of asthma control. 19 Because corticosteroids are the cornerstone for the diagnosis of severe asthma, we cannot exclude the possibility corticosteroids influenced our results. Although we did not strictly measure corticosteroid adherence with digital dosing meters or systemic cortisol concentrations, we did attempt to monitor asthma prescription refills. Therefore, to our knowledge, all of the children included in this study were compliant with their prescribed asthma medications. Given the immunosuppressive properties of corticosteroids, it is possible that our AM findings were influenced by these medications. However, the fact that BAL inflammatory cytokines and chemokines were also elevated is interesting and may reflect altered corticosteroid sensitivity in children with severe asthma.
In summary, we have demonstrated a unique molecular phenotype of severe asthma characterized by increased BAL inflammation and biomarkers of AM activation. Whereas single biomarkers for severe asthma such as airway eosinophils and exhaled nitric oxide have limited discriminatory ability, 32 this study provides further support for the use of multiple discriminators for distinguishing severe from moderate asthma in children. The supervised method of linear discriminant analysis used here provides a possible means for classifying severe asthma in children based on the patterns of BAL and AM cytokine and chemokine expression. However, further testing of our models in an independent study population is necessary to determine the validity of our findings. We hope these findings and future ones will permit better understanding of the severe asthma phenotype in children. While these data likely will not aid clinical diagnosis, they might convey a risk for exacerbations or response to clinical treatment. As we and others pursue the relevance of these results, other highdimensional methods of data analysis in children with severe asthma are warranted. Ultimately, high-dimensional methods may be needed to develop targeted interventions for children with severe asthma who are otherwise very difficult to treat. Scatterplot of the discriminant functions generated from 23 BAL fluid cytokines and chemokines. Each data point represents a single subject. The plot depicts clustering and clear separation of children with severe asthma (white diamonds) from children with moderate asthma (black triangles) and healthy controls (gray circles).
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Figure 2.
Scatterplot of the discriminant functions generated from 11 AM lysate cytokines and chemokines. Each data point represents a single subject. The plot depicts clustering and clear separation of children with severe asthma (white diamonds) from children with moderate asthma (black triangles) and healthy controls (gray circles). Table III Chemokine concentrations (pg/mL) in the BAL fluid. Data represent the mean ± SD, with minimum and maximum concentrations shown in parentheses. 
